Precipitation efficiency in the tropical deep convective regime is analyzed based on the hourly data from a 2-D cloud resolving simulation. The cloud resolving model is forced by the large-scale vertical velocity, zonal wind and large-scale horizontal advections derived from TOGA COARE for a 20-day period. Large-scale precipitation efficiency (LSPE) is defined as a ratio of surface rain rate to the sum of surface evaporation and moisture convergence, and cloud-microphysics precipitation efficiency (CMPE) is defined as a ratio of surface rain rate to the sum of condensation and deposition rates of supersaturated vapor. Moisture budget shows that the local atmospheric moisture gains (loses) when the LSPE is less (more) than 100%. The LSPE could be larger than 100% for strong convection. This suggests that in order to avoid moisture bias, the cumulus parameterization schemes used in general circulation models should allow the precipitation rate to be larger than the sum of surface evaporation and moisture convergence in strong convective region. Statistical analysis shows that the LSPE is about 80% of the CMPE when it is less than 60%, and the CMPE is a constant of about 70% when the LSPE is more than 60%. The CMPE increases with increasing mass-weighted mean temperature and increasing surface rain rate. This suggests that precipitation is more efficient for warm environment and strong convection.
Introduction
Convection plays a most important role in regulating tropical climate. It redistributes atmospheric moisture, temperature and momentum through cloud microphysical processes, latent heat release and convective mixing respectively. Precipitation efficiency is an important physical parameter to measure interaction between convection and its atmospheric environment. The definition of the precipitation efficiency may vary. Braham (1952) defined precipitation efficiency as a ratio of surface rain rate to the inflow of water vapor into the storm through cloud base. The efficiency has been studied by many researchers (e.g., Auer and Marwitz 1968 , Heymsfield and Schotz 1985 , Chong and Hauser 1989 . Their observational analysis showed that the efficiency ranges from 10%-120%. Weisman and Klemp (1982) and Lipps and Hemler (1986) in their modeling studies defined precipitation efficiency as a ratio of total rainfall to total condensation. Ferrier et al. (1996) showed that simulated efficiency ranges from 20%-50%.
For the estimation of the surface rain rate with the large-scale variables in the cumulus parameterization (e.g., Kuo 1965 Kuo , 1974 , the precipitation efficiency is defined as a ratio of the surface rain rate to sum of surface evaporation and vertically-integrated horizontal and vertical specific humidity advections (moisture convergence). Consider a vertically-integrated moisture equation used in a 2-D cloud resolving model (e.g., Eq. (11b) in Li et al. 1999) ,
Here ½ð Þ ¼ Ð z T 0 rð Þ dz, where z T is the height of top model level. q v is the specific humidity. u and w are the zonal wind and vertical velocity respectively. P and E are the surface rain rate and surface evaporation rate respectively. Superscript o denotes imposed values from observations. The variables in (1) and the following equations are zonal mean.
After rearrangement, (1) becomes
The second term in the left hand side of (2) is the precipitation efficiency, which is referred to as large-scale precipitation efficiency (LSPE). The LSPE is similar to the precipitation efficiency defined by Braham (1952) . The first term in the left hand side of (2) is a ratio of the local change of vertically-integrated specific humidity (precipitable water) to the sum of the surface evaporation and moisture convergence. Eq.
(2) set a constraint for the two quantities that the sum should be unity. For the estimation of the surface rain rate with the cloud microphysics parameterization in the cloud resolving model (e.g., Li et al. 1999) , the precipitation efficiency is defined as a ratio of the surface rain rate to the sum of verticallyintegrated condensation and deposition rates, that is
Here P CND is the growth rate of cloud water by the condensation of supersaturated vapor. P DEP is the growth rate of cloud ice by the deposition of supersaturated vapor. P SDEP and P GDEP are the growth rates of snow and graupel by the vapor deposition respectively (Li et al. 1999) . This is referred to as cloud-microphysics precipitation efficiency (CMPE). The CMPE is similar to the precipitation efficiency defined by Weisman and Klemp (1982) and Lipps and Hemler (1986) . The central questions in this study are: what is the relationship between the LSPE and CMPE? and what determines the precipitation efficiency? The model, forcing and experiment design are briefly described in the next section. The relation between the LSPE and CMPE is examined based on a 2-D cloud resolving simulation, and the cloud microphysics budget is used to derive the analytical solution of the CMPE in section 3. The summary will be given in section 4.
The model, forcing and experiment design
The cloud resolving model was originally developed by Soong and Ogura (1980) , Soong and Tao (1980) and Tao and Simpson (1993) . The 2-D version of the model used by Sui et al. (1998) and modified by Li et al. (1999) is used in this study. The model includes cloud microphysics parameterization (Li et al. 1999) . The details of the model can be referred to Li et al. (1999) . The experiment analyzed in this study is conducted with the model forced by the zonally uniform vertical velocity, zonal wind, and horizontal advections, which are derived by Professor Minghua Zhang and his research group who used the 6-hourly TOGA COARE observations within the Intensive Flux Array (IFA) region (Zhang, personal communication, 1999) . The calculations are based on the constrained variational method on column-integrated budgets of mass, heat, moisture and momentum proposed by Zhang and Lin (1997) . Hourly sea surface temperature at the Improved Meteorological (IMET) surface mooring buoy (1:75 S, 156 E) (Weller and Anderson 1996) is also imposed in the model. The model is integrated from 0400 19 December 1992 to 0400 9 January 1993 (local time). The horizontal domain is 768 km. A grid mesh of 1.5 km and a 12 second step are used in model integrations. Figure 1 shows the time evolution of the vertical distribution of the large-scale atmospheric vertical velocity and zonal wind during 19 December 1992-9 January 1993 that are imposed in the model. Within 19-25 December 1992, upward motion was dominant, indicating strong convection. From 26 December 1992-3 January 1993, downward motion became dominant, along with occasional upward motion, suggesting the dry phase. In the last few days, moderate upward motion occurred. The diurnal and two-day signals are also detected in Fig. 1a as indicated by Sui et al. (1997) and Takayabu et al. (1996) respectively. The large-scale westerly winds increase significantly in the lowerand mid-troposphere and reach their maximum of 20 ms À1 at 600 mb around 3 January 1993 (Fig. 1b) . As mentioned previously, the model is also forced by the observed horizontal temperature and moisture advections (figure not shown), which have much smaller amplitudes than the vertical advections respectively. The comparison between simulation and observation of temperature and moisture is similar to that discussed in Li et al. (1999) . The following discussions are based on the hourly data. Figure 2 shows the local change of the precipitable water versus surface rain rate. There is a tendency that the local change varies from the positive values to the negative values as the rain rate increases. The moisture convergence and surface evaporation support precipitation, and moisten the environmental atmosphere in a light rain regime (where the surface rain rate is smaller than 0.4 mm hour À1 ), whereas they are not enough to support precipitation, and the environmental atmosphere loses moisture to feed convection and becomes drier in a heavy rain regime (where the surface rain rate is larger than 1.2 mm hour À1 ). Thus, the moisture convergence and surface evaporation do not always mean that the atmosphere is moistened.
Results
To further examine the relation between the local change of the precipitable water and surface rain rate, the ratio of the local change to the moisture sources (the first term in the left hand side of (2) Â 100%) versus the LSPE (the second term in the left hand side of (2) Â 100%) is plotted in Fig. 3 . The upper left square in Fig. 3 indicates the light rain regime where the atmosphere is always moistened by the moisture convergence and surface evaporation. Figure 3 also shows that in the heavy rain regime (outside the upper left square) up to 60% of the moisture source for precipitation came from the drying processes of the environmental atmosphere. Newton (1963 Newton ( , 1966 , Foote and Fankhauser (1973) , Gamache and Houze (1983), and Ferrier et al. (1996) also showed that the precipitation efficiency defined by Braham (1952) could be larger than 100%. This suggests that the cumulus parameterization schemes should allow the precipitation rate to be larger than the rate of the sum of the moisture convergence and surface evaporation in some circumstances in order to avoid moisture bias. Note the strictly linear relation between the two quantities that is constrained by (2).
To determine the physical factors responsible for variations of LSPE, convective available potential energy (CAPE) for the reversible moist adiabatic process (Li et al. 2002) , vertical shear of zonal wind ððu 300 mb À u 780 mb Þ= ðz 300 mb À z 780 mb ÞÞ, surface rain rate, sum of surface evaporation and moisture convergence, and LSPE are averaged for two groups: LSPE < 100% and 100% < LSPE < 200%. As LSPE increases from 41% to 130%, CAPE decreases from 280 Jkg À1 to 160 Jkg À1 , the vertical shear of zonal wind decreases from À8:9 Â 10 À4 s À1 to À6:2 Â 10 À4 s À1 , the surface rain rate increases from 0.3 mm hour À1 to 0.74 mm hour À1 , and the sum of surface evaporation and moisture convergence increases slightly from 0.56 mm hour À1 to 0.59 mm hour À1 . Small wind shear is a favorite condition for development of convective systems. Large lifting forcing (surface rain rate is positively correlated with imposed vertical velocity in the model) causes significant conversion of the CAPE into the kinetic energy that supports the strong development of convection and large surface rain rate while the moisture source does not change much. Thus, the surface rain rate could be larger than the rate of the moisture source, resulting in the LSPE of more than 100%. This implies that the intensity of precipitation may be premarily determined by the dynamics, with the favorite environement for the development of convection.
Cloud formation links the precipitation and environmental moisture buildup. Thus, the condensation and deposition are the key processes during the cloud development. The calculations show that ½P CND and ½P DEP are much larger than ½P SDEP and ½P GDEP (figure not shown). The sum of ½P CND and ½P DEP versus the sum of the surface evaporation and moisture convergence is plotted in Fig. 4 . There is a statistical linear relation between the two sums. The linear correlation coefficient is 0.68, which exceeds 99% confidence level. This statistical linear relation indicates that about 80% of the sum of the moisture convergence and surface evaporation is used to be condensed and deposited. The statistical straight line approximately divides this scattering plot into the two different regimes. The moisture convergence and surface evapo- 
Substituting (4) into (3), we have the approximate relation between the CMPE and LSPE.
Eq. (5) simply states that the CMPE and LSPE are proportional. This can be seen in Fig. 5 . However, (5) is only valid when both efficiencies are less than 100% since the CMPE is less than 100%. Figure 5 shows that the LSPE is about 80% of the CMPE when it is smaller than 60%, and the CMPE is a constant of about 70% when the LSPE is larger than 60%. The exchange between the atmospheric moisture and clouds shows that ½P CND , ½P DEP , ½P REVP (the evaporation rate of raindrop), and ½S qr (the change of raindrop) are nearly balanced (figure not shown), and the local changes of cloud hydrometeors are mainly due to the precipitation. Further analysis reveals that the ½S qr and rain rate have similar time evolution, indicating that the change of raindrop is mainly due to precipitation. Thus, ½P CND (0.58 mm hour À1 ), ½P DEP (0.10 mm hour À1 ), rain rate (À0.44 mm hour À1 ), and ½P REVP (À0.27 mm hour À1 ) are balanced in a 20-day mean budget. Here negative (positive) sign means the loss (gain) of cloud and gain (loss) of atmospheric moisture. Therefore, the analytic expression of the CMPE is expressed by
This is similar to Eq. (5) in Ferrier et al. (1996) . In (6), and q is ¼ ðB=pÞe ðD 2 ÀE 2 =ðTÀF 2 ÞÞ are the saturation mixing ratio for water and ice respectively; q c and q i are mixing ratios of cloud water and ice respectively; L v and L s are heat coefficients due to condensation and deposition respectively; c p is the specific heat of dry air at constant pressure; 
In (6a), the schemes of Tao et al. (1989) are used.
where S ð¼ q v =q ws Þ is saturated ratio with respect to water; p ¼
, R is the gas constant; N 0R ð¼ 8 Â 10 6 m À4 Þ is the intercept value in raindrop size distribution; a 0 ð¼ 3 Â 10 3 s À1 Þ is the constant in linear fallspeed relation for rain; l R ½¼ ðpr L N 0R =rq r Þ 1=4 is the slope of raindrop size distribution; r L ð¼ 10 3 kgm À3 Þ is the density of raindrop; r is the air density which is a function of height only; r o is r at surface; A 0 ¼ ðL v =K a T ÞðL v M w =RT À 1Þ; B 0 ¼ RT=wM w e ws (Pruppacher and Klett 1978) ; G is the Gamma function; m ð¼ 1:718 Â 10 À5 kgm À1 s À1 Þ is the dynamic viscosity of air. In (6b), the scheme of Rutledge and Hobbs (1983) is used. Eq. (6) states that the sum of the CMPE and raindrop evaporation efficiency (that is defined by a ratio of evaporation rate of raindrop to the sum of the condensation and deposition rates) should be unity. A large CMPE means a small raindrop evaporation efficiency, and vice versa. Since the CMPE is closely related to the environmental thermodynamic parameters and cloud parameters, the relationships between the CMPE and mass-weighted mean temperature (Fig. 6) , between the CMPE and SST (Fig.  7) , and between the CMPE and surface rain rate (Fig. 8) are analyzed. The mean CMPE increases and the range of the CMPE variation decreases with increasing mass-weighted mean temperature in the range from À11
C to À8 C. This indicates that the precipitation is more efficient when the environmental atmosphere is warmer. The mean CMPE decreases with increasing SST from 28 C to 29 C, and increases from 29
C to 30 C. The mean CMPE increases but the range of the CMPE variation decreases dramatically with increasing surface rain rate. The CMPE varies from 20% to 90% in the light rain regime, and from 60% to 80% in the heavy rain regime. For the heaviest rain (the surface rain rate is larger than 1.6 mm hour À1 ), the CMPE is about 78%. Since the life cycle of the simulated convection is about 9 days (Li et al. 2002) , the above calculations are repeated for 6 hourly data, and the results are generally similar to the corresponding results for hourly data. Figures 6-8 reveal that the precipitation is more efficient for warm environment and strong convection. Li et al. (2001) analyzed the individual convective cloud using the simulated data from the same experiment here, and found that ½P CND þ ½P DEP increases from 3.5 mm hour À1 to 37.5 mm hour À1 as the surface rain rate increases from 0.5 mm hour À1 to 46.3 mm hour À1 , whereas [P REVP ] ranges from 1.2-3.6 mm hour À1 . Their analysis also indicates that the ½P CND þ ½P DEP increases as the mass-weighted mean temperature increases (figure not shown). As a result, the CMPE increases as the massweighted mean temperature and surface rain rate increase.
Summary
Precipitation efficiency in the tropical deep convective regime is investigated by analyzing a 2-D cloud resolving simulation. The cloud resolving model is integrated for 20 days with the forcing of large-scale vertical velocity and zonal wind, as well as the large-scale horizontal advections derived from TOGA COARE data. Analysis of moisture budget shows that the atmospheric moisture gains when the convection is weak, and it loses when the convection is strong. Surface evaporation and moisture convergence are not enough for development of strong convection so that atmospheric moisture is extracted to support heavy precipitation. If large-scale precipitation efficiency is defined as the ratio of the surface rain rate to the sum of the surface evaporation and moisture convergence, it can exceed 100% for the strong convection, as shown in many cases during the integration. This is against the assumption of Kuo's scheme (1965, 1974 ) that a small portion of the surface evaporation and moisture convergence (say 5%) is used to moisten the atmosphere.
Statistical analysis shows that the sum of the condensation and deposition rates of supersaturated vapor are about 80% of the sum of the surface evaporation and moisture convergence. If cloud-microphysics precipitation efficiency is defined as the ratio of the surface rain rate to the sum of the condensation and deposition rates, the ratio of cloud-microphysics precipitation efficiency to large-scale precipitation efficiency is about 1.19 when both efficiencies are less than 100%. The cloud-microphysics precipitation efficiency is roughly a constant when the large-scale precipitation efficiency exceeds 100%.
The cloud-microphysics precipitation efficiency depends on the environmental thermodynamics and cloud microphysics. The efficiency increases with increasing mass-weighted mean temperature and surface rain rate. This suggests that the precipitation be more efficient in heavy rain regime under warm environmental condition. The exchanges between atmospheric moisture and clouds show that the condensation and deposition rates are nearly balanced by the surface rain rate and evaporation rate of raindrop. Thus, sum of the cloud-microphysics precipitation efficiency and the raindrop evaporation efficiency (which is defined as the ratio of evaporation rate of raindrop to condensation and deposition rates) should be unity. It is found in Li et al. (2001) that the variations of condensation and deposition rates are much larger than that of evaporation rate of raindrop. When the surface rain rate and mass-weighted mean temperature increase, the condensation and deposition rates increase. The cloud-microphysics precipitation efficiency increases whereas the raindrop evaporation efficiency decreases.
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